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The Crystal Structure of Trypanosoma cruzi dUTPase
Reveals a Novel dUTP/dUDP Binding Fold
dUTPase whose subunits are composed primarily of
-pleated sheets (Persson et al., 2001). Each active site
in the trimeric dUTPases lies at the interface of adjacent
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1Structural Biology Laboratory subunits and is made up from five highly conserved
motifs, contributed from all three subunits within a singleDepartment of Chemistry
University of York molecular unit. The mammalian herpesviral dUTPases
function as monomers (McGeoch, 1990), and possessHeslington, York YO10 5YW
United Kingdom the same motifs as the trimeric enzymes but in a different
order. No structures are available for these enzymes. In2 Instituto de Parasitologı´a y Biomedicina
“Lo´pez-Neyra” contrast, the dUTPases from Leishmania major, Trypa-
nosoma cruzi, Campylobacter jejuni, and T4 bacterio-C/Ventanilla, 11. 18001-Granada
Spain phage form a totally different sequence family and
function as physiological dimers (Hidalgo-Zarco and
Gonzalez-Pacanowska, 2001) which contain none of
the five conserved sequence motifs that form the activeSummary
site of the trimeric or monomeric dUTPases (Persson et
al., 2001). More recently, sequences encoding dimeric-dUTPase is an essential enzyme involved with nucleo-
tide metabolism and replication. We report here the dUTPases have also been identified in the genomes
of Trypanosoma brucei (AC105378) and MicrobulbiferX-ray structure of Trypanosoma cruzi dUTPase in its
native conformation and as a complex with dUDP. degradans (ZP_00066466).
dUTPase expression appears to be essential in L.These reveal a novel protein fold that displays no
structural similarities to previously described dUT- major (Hidalgo-Zarco and Gonzalez-Pacanowska, 2001)
and given the high degree of similarity of this enzymePases. The molecular unit is a dimer with two active
sites. Nucleotide binding promotes extensive struc- to the T. cruzi homolog this assumption can be projected
to other members of the Trypanosomatidae family. Thetural rearrangements, secondary structure remodel-
ing, and rigid body displacements of 20 A˚ or more, protozoan T. cruzi is the causative agent of Chagas’
disease and is one of three species of the genus Trypa-which effectively bury the substrate within the enzyme
core for the purpose of hydrolysis. The molecular com- nosoma that are pathogenic to humans. According to
the Center for Disease Control, an estimated 16–18 mil-plex is a trapped enzyme-substrate arrangement which
clearly demonstrates structure-induced specificity and lion people are currently suffering from Chagas’ disease
and 50,000 people die each year as a result (see http://catalytic potential. This enzyme is a novel dUTPase and
therefore a potential drug target in the treatment of www.cdc.gov/ncidod/dpd/parasites/chagasdisease).
There is as yet no cure for Chagas’ (World Health Organi-Chagas’ disease.
zation reports at http://www.who.int/ctd/chagas), al-
though advances in the treatment of experimental T.Introduction
cruzi infections have been reported (Engel et al., 1998).
Hence the identification of further protein drug targetsdUTPase, also known as dUTP nucleotidohydrolase or
dUTP pyrophosphatase (EC 3.6.1.23), is a ubiquitous against trypanosomes such as dUTPase are of para-
mount importance.enzyme that catalyses the hydrolysis of 2-deoxyuridine
triphosphate (dUTP) to 2-deoxyuridine monophosphate We report here the X-ray structure of T. cruzi dUTPase
in its native state and as a complex with dUDP. In the(dUMP) (Bertani et al., 1961). Hydrolysis of 2-deoxyuri-
dine diphosphate (dUDP) to dUMP has also been re- complex there are two crystallographically independent
dimers, the first with dUDP in both subunits, and theported and is a unique feature of a subset of dUTPases
(Hidalgo-Zarco and Gonzalez-Pacanowska, 2001). The second (the hybrid) with only one active site occupied.
The structure has a novel protein fold suggestive of aaction of dUTPases ensures a balanced ratio of dTTP/
dUTP within the cellular nucleotide pool and thus safe- mechanism of action quite dissimilar to that of the tri-
meric dUTPases.guards DNA integrity during replication (Pearl and
Savva, 1996). The lack of dUTPase activity has been
shown to be detrimental to cell survival (el-Hajj et al.,
Subunit Structure1988; Gadsden et al., 1993)
The T. cruzi dUTPase subunit is a predominantly helicalCurrently dUTPases are classified according to their
arrangement (Figure 1A). It is comprised of 12 helices,associative state in the molecular unit as either homotri-
h1–h12 (residues 12–29, 33–36, 39–55, 71–93, 102–111,meric, homodimeric, or monomeric, corresponding to
153–168, 172–186, 190–205, 207–210, 223–231, 245–members of three families of homologous proteins. The
259, and 264–274) (Figure 1B), as assessed by DSSPmajority of organisms studied to date possess a trimeric
(Kabsch and Sander, 1983). These are arranged in two
distinct domains (Figure 1C), termed “rigid” and “mo-*Correspondence: keith@ysbl.york.ac.uk
bile,” angled at about 60 to one another. The molecular3Present address: Weatherall Institute of Molecular Medicine, John
Radcliffe Hospital, Oxford OX39 DS, United Kingdom. unit is a homodimer formed primarily through associa-
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Figure 1. Structure of the T. cruzi dUTPase Subunit
(A) Stereo backbone trace with every tenth residue numbered.
(B) Stereo view of the native subunit with helices represented as rods numbered from the amino terminus.
(C) Schematic of the subunit domains.
(D) Stereo view of a subunit in complex with dUDP.
(E) Electrostatic surface representation of a single subunit with characteristics highlighted.
tion of the two rigid domains that constitute its core. regions lie at the opposite side of the molecule from
the active sites and probably have no significance withThese remain static during substrate binding, in contrast
to the mobile domains which undergo substantial struc- regards to catalysis, although such an assumption
would need to be substantiated by mutation studies.tural changes to accommodate incoming nucleotides.
The rigid domain extends through residues 30–187 and When an active site becomes occupied the mobile
domain moves to engulf the bound nucleotide throughthe mobile through residues 9–30 and 188–278. The fold
is complemented by several loops connecting individual a series of structural rearrangements that include re-
modeling of secondary structural features as well ashelices and domains and two helical 3/4 turns (residues
142–145 and 236–240). Both native and complex struc- rigid body displacements of 20 A˚ or more (Figure 1D).
Prominent structural rearrangements occur at h9, whichtures contain regions of poor electron density that could
not be modeled and are therefore presumed to be flexi- becomes a helical 3/4 turn (residues 208–212), and h10,
which is segmented into a 310 part (residues 223–226)ble (residues 1–9, 97–100, 120–139, and 279–283). These
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and a -helical part (residues 227–231). In addition, h12 site in a dimer lies at the depression formed by elements
of the mobile and rigid domains of one subunit and issplits into two smaller helices, a 310 segment (h12a, resi-
dues 264–266) and a  helix (h12b, residues 268–275). complemented by the latch of the other subunit.
Ligand features are recognized by specific structuralTwo newly formed  strands “zip” the loop covering the
active site into an apparently stable and tighter confor- arrangements that confer a highly selective binding po-
tential on the active sites (Figure 4). These are effectivelymation. The two strands (1 and 2, residues 217–218
and 221–220 respectively) are arranged in an antiparallel base-pairing mimics that bind uracil through selective
hydrogen bonding with side chain atoms (Asn26 andfashion. In addition to secondary structure remodeling,
elements in the mobile domain adopt new relative posi- Gln22 from h1 and Trp61 from the latch of the neigh-
boring subunit). Once bound, the nucleotide is cappedtions in the dimer as helices “slide” relative to one an-
other to cover the active site. The rigid domains of partic- by the side chain of Met26 (h1) which stacks on the uracil
ring effectively locking it in position. The deoxyribose isipating subunits retain the native conformation upon
nucleotide binding. anchored through two hydrogen bonds to the O1 and
N2 atoms of Asn201 (h8). Additionally, two aromatic
residues, Phe84 and His83, both components of h4,Overall Fold of the Molecular Unit
flank the sugar moiety preventing any movement onceThe functional dimer in the native crystal is formed by
it is bound. The phosphates in turn are tightly positionedtwo identical subunits related through 2-fold symmetry.
within an intricate network of hydrogen bonds formedThe dimer associates chiefly through helix-helix interac-
with a number of other residues, including Trp62, Tyr209tions of the two rigid domains which form the stable core
(h9), Arg204 and Lys197 (h8), Asn224 (310 section of h10),of the enzyme (Figure 1E), complemented by insertion of
Lys216 (1), Glu49 and Glu52 (h3), and Glu77 (h4).the latch from one subunit into the groove of its partner
The model thus reveals how structure affects specific-(Figure 1C). There are two active sites per dimer, each
ity. The uracil moiety of dUDP is held in place by threeresiding in the groove formed at the interface of the
hydrogen bonds to protein side chain atoms. dCTP andtwo domains within individual subunits (Figure 1E). The
dCDP are excluded from this site because the radial amineactive site is formed primarily by residues of a single
of cytosine would be repelled by Trp61 due to the respec-subunit but is complemented by residues brought into
tive positive charge potentials. The plane of the uracilits vicinity by the latch of the other subunit of the dimer.
is positioned close to and at right angles to the planeFigure 2 shows the three states (native, complex, and
of Trp62. Hence, the site cannot accommodate dTTPhybrid) present in the crystals. The native dimer is in an
or dTDP because thymine’s radial methyl group would“open” conformation with the active sites completely
sterically interfere with Trp62. The deoxyribose lies be-exposed to the environment and each mobile domain
tween two aromatic residues (Phe84 and His83) andat positions distal to the center of mass of the dimer.
hydrogen bonds with Asn201. These residues precludeThe mobile domains undergo structural changes to ac-
the ribose of UTP and UDP from positioning itself in thiscommodate incoming nucleotides while the rigid do-
crevice because the extra hydroxyl group would forcemains are conserved regardless of the catalytic state of
a ligand clash with their respective planes. It is not sur-the dimer. The bound nucleotides are mostly buried
prising that dUMP, being the product of the reaction,below the surface in each subunit (Figure 2D) with only
weakly binds to the active site of the native enzymepart of the phosphate moieties exposed to a central
(Hidalgo-Zarco and Gonzalez-Pacanowska, 2001). How-channel that runs down the dimer interface to the re-
ever, it seems that at least two phosphates are neces-spective active sites.
sary for the full recruitment of the mobile domain intoThe effect of nucleotide binding on relative atomic
its active conformation given the number of hydrogenpositions can be quantified through the C displace- bonds that form between the -phosphate and residuesments between the open and closed states (Figure 3).
of this domain.An unoccupied subunit retains the native conformation
regardless of the state of its partner within the same
molecular unit. In contrast, for an occupied subunit, the Structural Rearrangements upon Binding
C atoms of the mobile domain undergo displacements Although a number of secondary structural elements
of up to 20 A˚ relative to the native state. These changes are common to the native and complexed structure,
occur irrespective of whether the partner subunit is oc- these undergo substantial displacements upon nucleo-
cupied or not. tide binding, and the overall structure becomes more
DALI searches showed no significant structural simi- compact as described earlier.
larities of the T. cruzi dUTPase to any of the structures Having identified the equilibrium positions of the di-
currently deposited in the Protein Data Bank; therefore, mer, in reference to the open and closed states, a se-
the structure represents a novel protein fold. quence of events that connect these can be speculated
on. Because the uracil and deoxyribose recognition sites
are located in regions that are not significantly displacedActive Site Architecture and Substrate Specificity
Dimeric dUTPases hydrolyze dUTP and dUDP, while upon binding, the nucleotide is most probably recog-
nized initially by elements of the rigid domain. Specificityall other physiological nucleotides except dUMP have
negligible binding affinities and do not compete signifi- for the uracil base is provided through residues of h1
and elements from the latch of the neighboring subunit.cantly with the physiological substrates (Bernier-Vil-
lamor et al., 2002; Camacho et al., 2000). Each active The deoxyribose is thus positioned between aromatic
Structure
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Figure 2. Stereo Views of the T. cruzi dUTPase Functional Dimer
(A) The native enzyme with both active sites empty.
(B) The hybrid species present in the crystal with only one active site occupied.
(C and D) The enzyme in a fully occupied state exhibiting the conformational consequences of nucleotide binding (C) and the latter as surface
representation (D). The nucleotide is shown in space filling form in the complex structures.
residues of h4. Given the limited degrees of freedom h3 and h4. An alternative scheme could be envisaged
whereby the phosphates are anchored first, bringing thebetween the base and the sugar, these are probably
recognized simultaneously in the active site. The -phos- rest of the substrate near to its appropriate docking site
where it is recognized in a sequential fashion. Initialphate is then allowed to form hydrogen bonds with Trp62
in the latch and the -phosphate with glutamates in binding would therefore require no conformational
Novel Fold T. cruzi dUTPase in Complex with dUDP
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Figure 3. The Rms C Displacements in Ang-
stroms of Subunit Residues with Respect to
the Native Conformation as a Function of
Residue Number
Substantial C movements are evident be-
tween the open and closed (occupied) forms
of the subunits, irrespective of the state of
the partner subunit in the dimer.
changes as all elements required are exposed to the However, a magnesium ion in the vicinity would ulti-
mately shield the charges of the three glutamates andsolvent in the native state. A cascade of conformational
changes would then bring the rest of the mobile domain stabilize them against the - and -phosphate oxygen
atoms. Due to the low resolution of the data, the pres-into the closed conformation.
ence of a water molecule in the structure substituting
for magnesium at this site, although probable, cannotPotential Magnesium Binding Site
The most prominent feature of the electrostatic potential be proven conclusively. Indeed the presence of the glu-
tamates in close proximity to the phosphate moiety ofon the molecular surface is a region of high negative
potential in the active site (Figure 5A). This is composed dUTP, suggests more than one magnesium ion may be
bound in the catalytic complex. However, we at presentof a cluster of several glutamates (Glu49, Glu52, and
Glu77) and one aspartate (Asp80) (Figure 5B), all of which have no experimental data to confirm this hypothesis.
Although magnesium was present in the native crys-have been shown to be catalytically important (Hidalgo-
Zarco and Gonzalez-Pacanowska, 2001). The number tallization solution, no magnesium sites were identified
in the refined structure. The lack of magnesium in theof negatively charged groups positioned in close prox-
imity to one other implies a magnesium binding site. present complex may imply that the position of the nu-
cleotide, especially the phosphate moiety, may changeSuch regions have been shown elsewhere to coordinate
metal ions of catalytic importance, for example in the somewhat in the active complex when metal is bound.
structure of the human mitochondrial deoxyribonucleo-
tidase determined recently (Rinaldo-Matthis et al., 2002). Catalytic Mechanism
Although there are numerous residues involved in dUDPBecause the reaction catalyzed by the T. cruzi dUTPase
is magnesium dependent (Bernier-Villamor et al., 2002), binding in the current model, there is no concrete evi-
dence to define the mechanism of action. Hydrolysisdivalent ions were deliberately excluded from the pro-
tein environment before crystallization in order for a occurs between the - and -phosphates for both dUDP
and dUTP (Bernier-Villamor et al., 2002; Camacho et al.,stable enzyme-substrate complex to be formed. Hence
the position within the active site occupied by magne- 2000; Hidalgo-Zarco et al., 2001). Direct evidence for
nucleophilic attack from a water is available only for thesium under physiological conditions could not be deter-
mined experimentally. trimeric dUTPases (Larsson et al., 1996). The nucleo-
Structure
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Figure 4. The Active Site of T. cruzi dUTPase in the Presence of Substrate
(A) Two-dimensional representation of all interactions in the active site showing bond lengths between ligand and protein.
(B) Stereo view of the active site residues and their interactions with dUDP. Dashed lines denote hydrogen bonds.
phile in the reaction catalyzed by the T. cruzi dUTPase mation upon coordination with a magnesium ion. Such
a conformation further polarizes the terminal phosphateremains unidentified. The position of the phosphates
does not give sufficient indications as to the precise into a more “willing” leaving group and might apply here.
The staggered conformation observed in this model ismechanism of phosphoryl transfer. Most likely the reac-
tion follows an associative mechanism where a stable in keeping with the existence of a stable complex that
cannot proceed to catalysis.penta-covalent intermediate gives rise to the final prod-
ucts (Fersht, 1985). Within the scheme of an associative One of the main differences between the T. cruzi
dUTPase and the trimeric dUTPases is its ability to hy-mechanism an in-line nucleophilic attack seems most
probable. drolyze both dUDP and dUTP. This suggests that the
third phosphate in dUTP is not essential in positioningAn interesting feature of the phosphates in the active
site is that their respective oxygen atoms are in a stag- the bulk of the substrate. There are, however, sufficient
charges at the edge of the active site to facilitate thegered conformation. It was proposed for the FIV dUTPase
structure (Prasad et al., 1996) that catalysis proceeds binding of a third phosphate.
Some clues about a possible mechanism of catalysiswhen the phosphates are forced into an eclipsed confor-
Novel Fold T. cruzi dUTPase in Complex with dUDP
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The magnesium ion in the GTPase is coordinated by
two threonine residues, Thr19RhoA and Thr37RhoA, two wa-
ter molecules, the -phosphate of GDP, and the -phos-
phate mimic, AlF4. A water in the dUTPase complex,
occupying the approximate area of magnesium coordi-
nation, lies in the vicinity of the magnesium binding site
of the GTPase. This solvent molecule was introduced
at the site and refined without adverse effects either on
the stereochemical quality of the model or the statistical
agreement of observed and calculated structure factors.
However, due to the low-resolution data and atomic
proximity at this site, unambiguous interpretation of the
electron density features was hindered. Therefore, the
presence of structured water can only be proposed as
a possibility herein.
The RhoA complex provides insight into a possible
catalytic residue in the present reaction. In the crystal
structure of RhoA-GDP-AlF4/rhoGAP, Gln63RhoA is inti-
mately involved with the nucleophilic attack by orienting
a water molecule, along with the main chain carboxyl
of Thr37RhoA, in a plane toward the -phosphate in an in-
line fashion. (Rittinger et al., 1997) Gln63RhoA “locks” its
position with respect to the -phosphate by hydrogen
bonding to one of the oxygens of that phosphate. In the
dUTPase active site, Asn224 is in the same orientation
and approximate position as Gln63RhoA. Asn224 forms
one hydrogen bond with the -phosphate but points
Figure 5. Proposed Magnesium Binding Site
away from it with its O2 atom. If this is the catalytic
(A) Electrostatic surface representation of the native dimer with the residue that directs nucleophilic attack, then it would
dUDP molecules from the complex. To achieve this, the rigid do-
be required to flip by 180around torsion angle2 relativemains of the native and complex dimers were superimposed. A
to its orientation in the present complex which wouldregion of negative potential is located near the phosphate sites,
bring the oxygen atom of the side chain in perfect super-where hydrolysis will take place.
(B) Close-up of the residues constituting the potential coordination position with Gln63RhoA. Such a rotation could be induced
elements for a magnesium ion. by the binding of the essential magnesium ion. The
mechanism suggested by the similarities in the T. cruzi
for dimeric dUTPases are given by an entirely different dUTPase structure and the structure of RhoA-GDP-
class of enzymes, GTP hydrolases (G proteins or GTPases) AlF4/rhoGAP would imply an associative in-line mode
and GTPase-activating proteins (GAPs). Structural su- of nucleophilic attack with the nucleophile entering on
perposition of elements of the GTPase RhoA in complex the opposite side as the leaving group.
(Rittinger et al., 1997; Ridley, 1997), and the T. cruzi In the trimeric dUTPases, the nucleophile attacks the
dUTPase active site brings to light intriguing similarities -phosphate and generates a pyrophosphate leaving
group. However, if the dimeric dUTPases function in a(Figure 6).
Figure 6. Comparison of Active Sites of T. cruzi dUTPase and RhoA GTPase
Superposition of selected residues (solid) of the T. cruzi active site in its occupied state and residues of the active site of RhoA in complex
with GDP-ALF4 (semitransparent ball-and-stick). A number of residues of similar catalytic or binding potential are seen to overlap. Superposition
was performed on the site of hydrolysis as defined by the - and -phosphates of the protozoan enzyme and the  phosphate and AlF4 of
RhoA. The magnesium ion present in the GTPase model is represented as a dark semitransparent sphere coordinated by atoms of Thr19,
Thr37, two water molecules, the -phosphate, and the -phosphate analog. This ion corresponds spatially to a water molecule proposed to
lie in the T. cruzi active site.
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Figure 7. Comparison of the Trimeric Human dUTPase and the Dimeric T. cruzi dUTPase
Comparison of the trimeric human dUTPase (Mol et al., 1996) (extracted from http://www.scripps.edu/cliff) and the dimeric T. cruzi dUTPase.
Surface representations of (A) the protozoan enzyme and (B) the human equivalent. Subunits are colored individually. Close-ups of the active
sites of (C) the T. cruzi and (D) human dUTPases with selected residues to elaborate the quite distinct means by which these enzymes achieve
specificity.
way similar to GTPases, then the nucleophile would in hydrogen bonds to charged side chains. Significantly,
contrast attack the -phosphate and form a dUMP leav- the T. cruzi enzyme hydrolyses not only dUTP but also
ing group. This could be verified or disproved by experi- dUDP, which is an inhibitor of the trimeric dUTPases.
ments with O18-enriched water to establish the position However, the nucleotide is cleaved between the - and
of the nucleophile in the reaction products, provided the -phosphate in both trimeric and dimeric dUTPases.
nucleophile is a water molecule or hydroxyl ion. Km values for the T. cruzi and L. major dUTPases are
between 0.2 and 1.2 	M and their reaction rates are
relatively low (kcat of 2.8 s1 and 49 s1, respectively),dUTPase Trimers and Dimers
similar to the trimeric dUTPases (Hidalgo-Zarco andThe T. cruzi dUTPase complex presents a markedly dif-
Gonzalez-Pacanowska, 2001). It has been proposed thatferent evolutionary approach to dUDP/dUTP binding
the latter is a reflection of the specificity requirements ofcompared to the trimeric dUTPases (Figure 7). In the
the reaction sacrificing speed for efficiency in substratetrimeric dUTPases, uracil hydrogen bonds with the
recognition.backbone atoms of a  hairpin, and a side chain atom
Superposition of the nucleotide models derived fromor a water molecule, and is stacked against a phenyl
complexes of trimeric dUTPases and the dUDP from thering. The T. cruzi dUTPase binds the same base through
T. cruzi dUTPase complex, reveals several differenceshydrogen bonds with residue side chains and caps the
with regard to the overall position of the uracil relativering with an aliphatic methionine. The deoxyribose moi-
to the body of the nucleotide as well as the specificety in trimeric dUTPases is positioned through stacking
conformation of the deoxyribose (Figure 8). When theon the hydrophobic platform offered by a conserved
uracil moiety of the nucleotides is superimposed, thentyrosine residue while in the T. cruzi structure there is
the deoxyribose of the dUDP of the T. cruzi complexdirect hydrogen bonding, complemented by aromatic
deviates significantly from all other deoxyribose moie-residues that restrict the movement of the deoxyribose
ties. If the superposition is performed on the deoxyri-ring. The differences in the phosphate binding region
bose and -phosphate atoms, then the plane of theare even more pronounced. The T. cruzi dUTPase does
uracil moiety of the dUDP in the dimeric enzyme is ro-not contain a glycine-rich site for phosphate binding, a
tated by more than 30 relative to the planes of thecommon feature in all trimeric dUTPases and many other
uracil moieties of nucleotides in complex with trimericnucleotide binding enzymes (Schulz, 1992). In the di-
meric dUTPase, the phosphates are held in place with dUTPases. These distinct features can potentially be
Novel Fold T. cruzi dUTPase in Complex with dUDP
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Figure 8. Structural Superposition of Nucleotides Present in the Current Structure and in the Known Structures of Trimeric dUTPases
Superpositions of nucleotides present in known trimeric dUTPases as well as within the current model for the dimeric protein with (A) the
uracil ring or (B) the deoxyribose moieties as reference. The dUDP from the T. cruzi dUTPase is depicted in solid, while nucleotides from
trimeric dUTPases are all semitransparent and color coded: human (http://www.scripps.edu/cliff) in green, equine infectious anemia virus
(1DUC.pdb) in red, E. coli (1DUD) in blue, feline immunodeficiency virus (1F7Q.pdb) in yellow, and bacteriophage SPc2 (M.H., unpublished
data) in gray.
exploited in drug design for the production of a relatively to Gly17RhoA. Even though the general fold of GTPases
(typical nucleotide binding - structures) is different,rigid nucleotide mimic to bind and inactivate dimeric
dUTPases, which would not fit into the active site of the they present an overall cooperative motion similar to
the two domains in the T. cruzi dUTPase and the twotrimeric enzymes.
proteins, G protein and equivalent GAP, participating in
GTP hydrolysis (Gamblin and Smerdon, 1998). However,Comparison with Other Nucleotide
other than a fleeting similarity in the overall shape, theseBinding Enzymes
are structurally entirely different.Nucleotide binding enzymes are involved in a variety of
functions mediated through nucleotide hydrolysis such
as the production of mechanical energy, the transfer Conserved Motifs
Sequence alignments of the known dimeric dUTPasesof phosphate groups, or the initiation of cell signaling
events. The major families of nucleotide hydrolyzing pro- confirm the existence of five conserved motifs (totally
different from the five motifs present in the trimericteins which have been well characterized structurally
are the ATPases and the GTPases. Both families cleave dUTPases) in all four members of the alignment of the
dUTPases from T. cruzi, L. major, C. jejuni, and bacterio-NTPs between the - and -phosphates. Neither bears
any structural similarity with dimeric dUTPases and phage T4 shown in Figure 9A. In the structure of the T.
cruzi dUTPase complex it is clear that all the residuesbinding occurs in a variety of ways. The most interesting
similarities were noted earlier with GTPases and their of the conserved motifs are located in and around the
active sites of the dimer and are directly implicated inassociated GAPs. None of the standard nucleotide bind-
ing motifs are evident in the T. cruzi dUTPase. In particu- dUDP binding and/or catalysis (Figure 9B). The residues
within the conserved regions lie in secondary structurallar, neither the P loop motif, GXXXXGK(S/T), responsible
for-,-phosphate binding (Walker A box) nor the DXXG elements such as h2, h3, and h4 from the rigid domain
and h8 and h9 from the mobile domain. The kineticsequence involved in -phosphate binding and magne-
sium coordination (Walker B box) (Sprang, 1997) are behavior of the enzyme mutated within some of these
regions have shown that residues Glu52, Glu77, andpresent. In the dUTPase structure, the P loop interaction
has been substituted by Trp62 which engages the Asp80 are all essential for enzyme activity, whereas resi-
dues Lys60 and Lys63 of the latch are important in bind--phosphate in hydrogen bonding in a fashion similar
Structure
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Figure 9. Sequence and Structure of Motifs Present in Dimeric dUTPases
(A) Amino acid sequence alignment of known and putative dimeric dUTPases known to date. Residues within the five active site motifs are
highlighted dark green for identity while light green or yellow denote conservative and semiconservative substitutions respectively. Each motif
is underlined by a colored bar. The secondary structure assignment above the sequences is that of the T. cruzi enzyme. Residues directly
involved with ligand binding are denoted by red (hydrogen bonding) and black (hydrophobic interactions) stars. Surface representations of
the native T. cruzi dimer allow us to locate these motifs on either (B) both or (C) one of the active sites. The motifs are colored as in (A). (D)
Close up of residues of the five motifs within one active site.
ing of the substrate, their mutation reducing the speed of of structure in functionally similar enzymes has to be
the enzyme without impeding its catalytic competence whether or not they are unique within an organism. No
(Hidalgo-Zarco and Gonzalez-Pacanowska, 2001). trimeric dUTPase homolog has been identified yet in the
known portions of the T. cruzi, T. brucei, L. major, or
M. degradans genomes, the complete C. jejuni genomeImplications
or indeed within that of T4 bacteriophage. It is unlikelyThe identification of a new family of dUTPases unavoid-
that an organism would have both dUTPase forms asably raises questions as to their origin. They display no
one of the two species would inevitably be lost, severelystructural similarity with the known trimeric dUTPases,
mutated, or lose functionality because there would bebut perform a similar function at comparable rates.
less evolutionary pressure on it. Namely, if one versionThere is no question that these very different enzymes
of dUTPase was “switched off,” the organism shouldreached their catalytic potential through very different
still be viable.evolutionary routes. Two different folds appear to have
The most important aspect of this diversity in structurebeen recruited to satisfy the same catalytic require-
is that it presents us with the potential for drug designments.
An important issue when dealing with such diversity against protozoan infections. Given that one of the major
Novel Fold T. cruzi dUTPase in Complex with dUDP
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Structure and Density Representationsdifficulties in dealing with such infections is the elimina-
All molecular models and associated density representations weretion of intermediate states that reside within the host’s
created with BOBSCRIPT (Esnouf, 1997, 1999) and rendered withtissues, a chemical that could be freely administered
Raster3D (Merritt and Murphy, 1994). Electrostatic and other surface
for adsorption by all cell types, but would only affect representations were created in GRASP (Nicholls et al., 1991). 2D
the parasitic organism, would be invaluable. The dimeric schematics of active site interactions were produced with LIGPLOT
(Nicholls et al., 1991).dUTPases are a suitable target, clearly different from
the trimeric dUTPases such as the human enzyme.
Superpositions and Alignments
Structural alignments were done with DALI (Holm and Sander, 1993)
and LSQKAB (CCP4, 1994). Sequence alignments were performedExperimental Procedures
with ClustalW (Thompson et al., 1994) and depicted through ESPript
2.0 (Gouet et al., 1999).Protein Purification, Crystallization, and Data Collection
T. cruzi dUTPase was cloned as described previously (Bernier-Vil-
lamor et al., 2002). Plasmids were transfected into E. coli BL21(DE3) Acknowledgments
and induced with IPTG at 37C. Bacteria were sonicated in 50 mM
HEPES, pH 7.0, 5 mM MgCl2, and 1 mM PMSF. The enzyme was We thank the ESRF, Grenoble, France and in particular the staff of
purified by anion chromatography (steep gradient elution on Q Seph- ID14 and BM14 for their assistance with data collection; J.M. Grimes
arose Fast Flow followed by a shallow gradient elution DEAE Sepha- for help with CNS and useful suggestions; G.N. Murshudov for sup-
rose Fast Flow [AP Biotech, Uppsala, Sweden]) and size exclusion port with REFMAC; and R. Persson for scientific input and encour-
chromatography (Sephadex 75 [AP Biotech]). Seleno-methionine agement. M.H. thanks the EC for support during part of the work
derivatized dUTPase was produced in E. coli BL21(DE3) cells grown through the contract QLK3-CT-2001-00305.
in minimal medium supplemented with seleno-methionine and all
L-amino acids except methionine. Endogenous methionine produc- Received: August 27, 2003
tion was inhibited upon induction with addition of excess of Lys, Revised: October 7, 2003
Thr, Phe Leu, Ile, and Val at 37C. This protocol is a combination Accepted: October 7, 2003
of previously described methods (Ramakrishnan et al., 1993; Van Published: January 13, 2004
Duyne et al., 1993).
The native, and selenomethionyl T. cruzi dUTPase were crystal- References
lized as previously described (Harkiolaki et al., 2001). The mercury
derivative was obtained through cocrystallization with 5 mM thimer- Bernier-Villamor, V., Camacho, A., Hidalgo-Zarco, F., Perez, J., Ruiz-
osal (Sigma-Aldrich, St. Louis, MO) in a similar fashion. The dUTPase- Perez, L.M., and Gonzalez-Pacanowska, D. (2002). Characterization
dUDP complex was prepared through chelation of potential divalent of deoxyuridine 5-triphosphate nucleotidohydrolase from Trypano-
ions with excess EDTA, subsequent removal of the latter, and addi- soma cruzi. FEBS Lett. 526, 147–150.
tion of a 1:5 excess of substrate to a final concentration of dUTPase
Bertani, L.E., Haggmark, A., and Reichard, P. (1961). Synthesis ofof 30 mg ml1. The complex was crystallized through vapor diffusion
deoxyribonucleoside diphosphates with enzymes from Escherichiaat 17C at equilibrium conditions of 0.3 M sodium formate, 25%
coli. J. Biol. Chem. 236, PC67–PC68.PEG 2000 MME, and 50 mM sodium HEPES at pH 7.0 (Clear Strategy
Brunger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P.,Screen I; Molecular Dimensions, Apopka, FL). Plate-like crystals of
Grosse-Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges, M.,0.3  0.2  0.05 mm3 appeared 3 weeks after drops were set up.
Pannu, N.S., et al. (1998). Crystallography & NMR system: a newThese were cryo protected by rapid transfer through mother liquor
software suite for macromolecular structure determination. Actacontaining 5% hexane-1,2,3-triol and vitrified in a liquid nitrogen
Crystallogr. D Biol. Crystallogr. 54, 905–921.stream.
Camacho, A., Hidalgo-Zarco, F., Bernier-Villamor, V., Ruiz-Perez,
L.M., and Gonzalez-Pacanowska, D. (2000). Properties of Leish-
Structure Determination and Refinement mania major dUTP nucleotidohydrolase, a distinct nucleotide-
Data were collected on stations ID14-4, ID14-2, and BM14 at the hydrolysing enzyme in kinetoplastids. Biochem. J. 346, 163–168.
European Synchrotron Radiation Facility in Grenoble, France. Inten- CCP4 (Collaborative Computational Project 4) (1994). The CCP4
sities were integrated and scaled using DENZO and SCALEPACK suite: programs for protein crystallography. Acta Crystallogr. D 50,
(Otwinowski, 1993; Otwinowski and Minor, 1997) (Table 1). 760–763.
The native structure was solved by the MAD (multiple anomalous
Cowtan, K.D., and Zhang, K.Y. (1999). Density modification for mac-dispersion) method. Phases were estimated with SOLVE (Terwilliger
romolecular phase improvement. Prog. Biophys. Mol. Biol. 72,and Berendzen, 1999) through the anomalous and dispersive differ-
245–270.ences estimated from three data sets collected at wavelengths cor-
el-Hajj, H.H., Zhang, H., and Weiss, B. (1988). Lethality of a dutresponding to the peak, the inflection point of the selenium atoms
(deoxyuridine triphosphatase) mutation in Escherichia coli. J. Bacte-in the structure as well as a higher energy remote wavelength.
riol. 170, 1069–1075.Phases were further improved by density modification, histogram
matching, and noncrystallographic symmetry averaging in DM Engel, J.C., Doyle, P.S., Hsieh, I., and McKerrow, J.H. (1998). Cyste-
(Cowtan and Zhang, 1999). Partial amino acid assignment and re- ine protease inhibitors cure an experimental Trypanosoma cruzi
finement with REFMAC (Murshudov et al., 1997), in an iterative way, infection. J. Exp. Med. 188, 725–734.
provided a sufficient model for the solution of the structure in the Esnouf, R.M. (1997). An extensively modified version of MolScript
higher resolution unit cell through molecular replacement with that includes greatly enhanced colouring capabilities. J. Mol. Graph.
AMoRe (Navaza and Saludjian, 1997). Additional phase information 15, 133–138.
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pp. 221–247.the refined native structure as a model in AMoRE. The structure
was refined with CNS (Brunger et al., 1998) to near convergence Gadsden, M.H., McIntosh, E.M., Game, J.C., Wilson, P.J., and
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